ABSTRACT
Introduction
The tree-dimensional structure of the native proteins is result of a very delicate balance between different types of noncovalent interactions, uniquely determined by the sequence of the polypeptide chain. The physical principles non-covalent interactions obey are well known and ubiquitous in proteins. This, however, does not simplify the task of predicting their role in protein stability and functional properties. The complex interplay of non-covalent interactions causes sometimes surprising behaviour of proteins. In the context of the considerations presented in this paper an instructive example are the charge reversal mutations, which are expected to improve binding of charged substrates. The failure to increase binding of, say, a negatively charged substrate by mutating a negative group in the binding side to a positive one have been clearly explained on the basis of theoretical calculations [10] . This example also illustrates that rational design aiming at improving or changing properties must be preceded by a careful analysis of the mutual dependence of non-covalent interactions. This point is especially important when electrostatic interactions are in the limelight. Two reasons can be given. First, electrostatic interactions are long-range interactions, a feature distinguishing them from all other types of non-covalent interactions. Hence, charges can "send signals" to distant parts of the protein molecule. Second, electrostatic interactions take place in an inhomogeneous dielectric medium, since the dielectric permittivity of the protein globule is nonisotropic and differs by much from the dielectric permittivity of water. This fact turns out to be the most serous diffi culty when electrostatic interactions are to be predicted.
In the following we consider one aspect of the connection between electrostatic interactions and protein functional properties, namely the role of salt bridges in protein stability.
Salt Bridges
In proteins, when two oppositely charged functional groups are close to each other, one speaks about the existence of a salt bridge. For the purposes of our considerations the term functional group is defi ned as a group of atoms, which change its charge upon protonation (or deprotonation). Hence, these groups are also ionisable groups. The distance at which two such groups form a salt bridge is usually taken to be r = 4 Å, a value deduced by Barlow and Thornton [4] on the basis of the analysis of 38 protein structures. This criterion was found to be most appropriate for the purpose of statistical analyses of ion pairs in proteins. Even using a limited data base, these authors pointed out that the highest peak of separation distribution is at r ≈ 3 Å. This value of r is close to the average distance between the proton donor and the proton acceptor atoms in a hydrogen bond. It is clear that the physical properties of an ion pair connected by a hydrogen bond differ from those of a pair separated by, say, 4 Å. Hydrogen bonds have directionality, a feature that is often crucial for enzymatic activity, ligand binding, protein-protein interactions, etc. To emphasize the difference we defi ne salt bridge as a couple of functional groups connected by hydrogen bond(s). As a distance criterion we chose 3.2 Å, approximately the upper limit of the proton donor-acceptor distance in a hydrogen bond. On the other hand, functional groups which are in close proximity, but do not satisfy the above distance criterion we classify as ion pairs. The chosen distance criterion neither revises the conclusions based on other distance criteria nor introduces a new concept. It merely refl ects the nature of the physical phenomena that are subject of this investigation. This can be seen in Table 1 , where the hydrogen bond lengths of the most common hydrogen bonds found in proteins are compared. As seen, the hydrogen bond length of salt bridges (charged functional groups) does not differ signifi cantly from hydrogen bonds where one or both partners are neutral.
All hydrogen bonds listed in Table 1 belong to the class of the moderate hydrogen bonds. The energy of formation of moderate hydrogen bonds is between −15 and −4 kcal/mol. Hence, when considering a salt bridge as a hydrogen bond, one should formally expect a signifi cant stabilising contribution. Surprisingly, the range of statements about the contribution of salt bridges to protein stability spans from strong and moderate to negligible [19, 25] , and even destabilizing [18] . Quantitatively, the stabilizing contribution of individual salt bridges has been evaluated to be between -0.5 kcal/mol [17] and -3 to -5 kcal/mol [1] . It is interesting to know which are the factors determining the large variation in the energetic contribution of salt bridges. The answer of this question has not only an academic value. Such knowledge is essential for the purposes of protein modelling and protein re-design by rational mutagenesis.
A few main factors modulating the energetics of salt bridges can be mentioned. The fi rst one is the desolvation of the charged functional groups participating in a salt bridge. In the less polar medium of the protein molecule the energy of charging increases. Therefore, the ionisable groups tend to adopt their neutral forms. In extreme cases the uncharged form of ionisable group which is completely buried in the protein (that is, the group is completely desolvated) can be favoured by much in comparison to the completely solvated state [24] . Hence, the desolvation of functional groups reduces their ability to participate in salt bridges. This explains why salt bridges are usually located on the surface of the protein molecule. The charge-charge interactions are the second important factor. Indeed, the close proximity of oppositely charged groups results in a favourable interaction energy, which opposes the unfavourable desolvation effect. The sum of these two factors we refer to as electrostatic interactions term. The third factor is the fl exibility of the protein molecule. This inherent property of proteins may facilitate a dynamic process of formation and disruption of salt bridges. In the following we will show that electrostatic interactions are strongly infl uenced by the conformational fl exibility. In fact, the interplay between electrostatics and conformational fl exibility determines the electrostatic term of the unfolding free energy of proteins.
Electrostatic Term of the Unfolding Free Energy
By defi nition the unfolding free energy, ΔG u , is given by , where ΔG U and ΔG F denote the free energy of the unfolded and of the folded state, respectively. These free energies are related to some appropriate reference state. Since the free energy is defi ned up to an additive constant, we can choose as the reference point the state where the free energies of the unfolded and of the folded state are equal. In this way ΔG u can also be expressed in the following way , Z U and Z F are the partition functions of the system in the unfolded and folded states of the protein, respectively. If we know the partition functions, Z U,F , the unfolding free energy can be calculated. In order to extract the electrostatic term of ΔG u we will assume an unfolding process in which only the electrostatic interactions are relevant. A physical phenomenon closest to this hypothetical process is the pH-dependent unfolding. If one ignores all, but electrostatic interactions, for the partition functions one can write .
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The summation is over all possible microscopic states, {x}, of the system and W(x) is the electrostatic energy of a given microscopic state x. An appropriate expression for
The superscripts U and F are omitted because the above formula is valid for both the unfolded and folded states. The summations are over all N ionisable (functional) groups of the protein. The quantity pK int,i is the intrinsic ionisation constant [20] of group i and is defi ned as ,
where pK mod is a reference value of the ionisation constant of a given type of group (e.g. asp, lis, etc) and is assumed to be known. ΔpK sol and ΔpK pc describe respectively the change of the equilibrium ionisation constant due to the desolvation of the functional group and the infl uence of all permanent charges (which do not change with pH) of the protein. The dipole charges of the peptide groups can be considered as permanent charges. The term W ij (x i ,x j ) represents the electrostatic interactions between group i and group j. The variables x i and x j (called also protonation variables) refl ect the protonation states of these groups. For simplicity we assume that the ionisable groups can adopt only two states: protonated and deprotonated. In this case, by convention x i = 0 indicates the protonated state, whereas x i = 1 (1 proton is released) indicates the deprotonated state of group i. In the case of folded structures, we will make one more assumption, namely that the positions of the functional groups are fi xed, i.e. the spatial coordinates of the charges are determined solely by the three-dimensional structure of the protein. In the following sections, this assumption will be a subject of reconsideration. Nevertheless, at the current stage of our consideration it is a useful simplifi cation, since it allows the description of the microscopic states of the system only by means of the protonation variables. Thus, a single microscopic state is completely defi ned by the vector
with N elements, each of which can have the value 0 or 1 depending on the protonation state of the corresponding group. The total number of microscopic states of the system, {x}, is then 2 N , which is an astronomical fi gure even for a protein of medium size. The methods for calculation of the sum in Eq. (1), as well as of the quantities in Eqs. (2 and 3) are out of the scope of our discussion. A description of the theory and the computational methodologies is given in [13] .
Eq. (2) is also valid for the unfolded state. The assumption of a fi xed structure is, however, not applicable in this case. Since the unfolded polypeptide chain adopts any arbitrary conformation, the positions of the ionisable groups cannot be defi ned. In order to take this into account, the vector x, describing the microscopic states of the system, should include the variation of the spatial coordinates of the ionisable groups: x 2 , … x N , r 1 , r 2 , … r N ) , where r 1 , r 2 , etc. are variables corresponding to the spatial coordinates of the ionisable groups. A solution of Eq. (2) with x defi ned as above can be found by means of Monte Carlo simulation [13] .
The theoretical outline presented above aims at showing the basic assumption made when the electrostatic term of the free energy, ΔG el , is of interest. These assumptions introduce limitations, which should be kept in mind in the interpretation of experimental data. One of these limitations has already been mentioned: the fi xed structure of the native protein molecule. Another important assumption is the additivity of the different terms of the free energy, i.e. the change of the electrostatic term of the free energy of unfolding does not infl uence the other terms and vice versa.
We shall skip the mathematical rearrangements and present the fi nal expression for ΔG el used for calculations:
.
Comprehensive descriptions of the ideology and deduction of Eq. (4) can be found in the literature [13, 15, 26] . The quantities ν U,F are the average number of protons bound to the protein molecule in the unfolded and in the folded state, respectively: , where θ ι U,F are the degree of protonation of ionisable group i in the two states. As it can be seen, in order to solve Eq. (4) one needs to know the titration curves of the folded and of the unfolded states of the protein. Experimentally, it is not straightforward to measure the titration curves of the two states at identical conditions and within a given pH interval. However, on the basis of the theory presented above it is easy to calculate them because , where W(x) is given by Eq. (2).
The lower limit of the integral in Eq. (4) [26] have chosen pH equal to 0, whereas Langella et al. [16] defi ned it as an abstract state, at which all titratable groups in the protein are in their neutral forms.
The pH dependence of ΔG el of the homotrimeric coiled coil protein (Lpp-56) shown in Fig. 1 [8] . The calculations based on the assumptions given above result in a value of 7 kcal/mol for ΔG el , which is essentially lower than the experimental observation. The question is now, which of the assumptions leads to this underestimation. 
Conformational Flexibility and Salt Bridge Dynamics
The Lpp-56 protein represents a suitable object of investigation of electrostatic interactions and salt bridge contribution to structural stability. Lpp-56 is a homotrimer constituted by three α-helices forming an in-register coiled coil. The molecule is reach of charged groups, the great majority of which is involved in salt bridges. Due to the specifi cs of the structural organisation of the protein the salt bridges form rings of intersubunit salt bridges, which clamp the superhelix along its length. The crystal structure and, more importantly, the available experimental observations suggest that electrostatic interactions and the large number of salt bridges likely contribute to the stability of the molecule [6, 8] . As pointed out above, one of the assumptions used in theoretical predictions of ΔG el is that the folded protein is represented by a single structure. This assumption is valid in rear cases within narrow pH intervals, and severely oversimplifi es the physical reality. Proteins are fl exible molecules, so that their native structures in solution are better described by ensembles of a large number of conformers. If electrostatic interactions are of interest, the conformational fl exibility is often simulated by introducing a high protein dielectric constant [2, 21, 23] . It has been shown, however, that protein dielectric constant cannot be used as a parameter to fi t the calculated pK values to the experimental data [12] . We will show below that protein permittivity cannot be used as parameter at ΔG el calculations, either. An alternative approach is to collect conformations using simulation methods such as molecular dynamics [3, 5, 9, 14, 22, 26, 27, 28] .
The continuous line in Fig. 1 represents ΔG el (pH) calculated on the basis of 7 ns molecular dynamics simulation combined with calculations of W(x) [7] . The procedure of calculations is simple. During the molecular dynamic simulation the coordinates of the atoms are saved each 2.5 ps (snapshots). The value obtained for ΔG u (pH3→pH7) is 15 kcal/mol (Fig. 1) , which is very close to the experimental observation. The good agreement with the experimental data is objective of any computational work, but the results obtained here are at the same time surprising. During the molecular dynamic simulation the side chains, including those of the ionisable groups, may adopt conformations not permitting the formation of salt bridges. Such information lead to a reduction of the average electrostatic energy of interactions and hence, to an overall reduction of the magnitude of ΔG el . The simulation shows however a different behaviour of the groups involved in salt bridges.
In order to explain this seemingly unexpected behaviour and to give an answer of the question posed at the end of the previous section, we consider two salt bridges linking the helices B and C of Lpp-56. As shown in Fig. 2 , a lysine residue from helix C (LysC38) can form alternative salt bridges with two aspartic acids from helix B: LysC38−AspB40 ( Fig. 2A) and LysC38−AspB33 (Fig. 2B) . The lifetimes of the two salt bridges are compared in Fig. 3 . It is important to note that during the fi rst nanosecond none of the salt bridges is formed. The same was observed also for other salt bridges in Lpp-56. Hence, there are salt bridges which are not present in the X-ray structure can be formed during the simulation. (the structure at time zero in Fig. 3) . Therefore, the mentioned underestimate value of ΔG el calculated with the assumption of a fi xed protein structure is likely caused by the longer distances between some functional groups observed in the X-ray structure of Lpp-56. The molecular dynamics simulation "improves" the salt bridge geometry which leads to a more correct prediction of the electrostatic stabilisation of the molecule. The opposite effect can also be observed. Fig. 4 shows the time dependence of the proton donor-acceptor distances in the salt bridge LysA15−GluB20 in another protein: the GCN4 leucine zipper. During the fi rst 2.5 nanosecond, including time zero (the X-ray structure), we observe a salt bridge with perfect proton donor-acceptor distance. As illustrated in the Fig., in this time window there is a rotation of the around the Cβ-Cγ bond of the carboxyl group of GluB20. As the consequence the proton acceptor atom is exchanged, yet the salt bridge is still formed. However, after approximately 2.5 ns a structural fl uctuation leads to desintegration of the salt bridge for the following 2 ns. The lifetime of this salt bridge is 48% of the total simulation time; hence its contribution to the stability of the protein is lower than the predicted on the basis of the X-ray structure. Return to Fig. 3 again. The distances plotted in the fi gure are between the nitrogen atom of the ε-amino group of LysC38 and the geometrical mean between the two carboxyl oxygen atoms of AspB33 and AspB40. (Note that since geometric averaging is used, the plotted distances are somewhat larger than the criterion for salt bridge used throughout this study). If we apply the criterion of Barlow and Thornton [4] , the conclusions made in this study remain the same. Indeed, during the fi rst nanosecond the distance between the functional groups of the couple AspB40−LysC38 is larger than 4 Å. The stability in respect to time of this confi guration is due to a water molecule mediating the interactions between the groups. Very similar situation is observed within the time window 3.5 -4 ns. During this time period the lysine side chain undergoes a conformational transition leading to a swap of the salt bridge partner. A quasi stable state is observed in which the interactions of the ε-amino group of the lysine with the two carboxyl groups are mediated by water molecules. Such confi gurations, known as water mediated salt bridges, are often observed in the crystal structures of proteins. The molecular dynamics simulation carried out in this study suggests that, at least for Lpp-56, they are not long-living formations. After the conformational transition the cross-link between helices B and C is restored.
The considered examples illustrate how important is the conformational fl exibility for the adequate prediction of electrostatic interactions in proteins, and of their contribution to protein stability in particular. Regarding the calculation of ΔG el , as already mentioned, the simplifi ed approach of adjusting the protein dielectric constant has been devised and has become very popular in fact. The presented results demonstrate that a priori parameterizations are not a universal solution. Increasing the protein dielectric constant may have worked for the GCN4 leucine zipper, where electrostatic interactions calculated on the basis of the X-ray structure are overestimated. However, in the case of Lpp-56 the charge-charge constellation in the X-ray structure is such that the strength of electrostatic interactions are underestimated by computation, a problem which couldn't have been solved by re-parameterization on sound physical grounds.
It is important to realise the limitation of the theory and the computational approach presented above. The molecular dynamics simulation is carried out within an a priori determined net charge of the molecule, which does not change during the simulation. Hence, the ensemble of structures collected by the molecular dynamics simulation corresponds to an a priori selected pH. Therefore, the calculation of electrostatic interactions at any other pH represents an extrapolation assuming the ensemble being representative for this pH. Finally, it should be noted that the calculations are made assuming ergodicity of the system. There are no formal criteria to assess this assumption. In spite of the mentioned limitations, the combination of molecular dynamics and electrostatic calculations is a powerful tool revealing structural properties, including those of the salt bridges, emerging only when the protein molecule is "seen" in motion.
